We have studied the electrical transport properties of individual single-crystalline IrO 2 nanorods prepared by the metal-organic chemical vapour deposition method. With the help of the standard electron-beam lithographic technique, individual nanorods are contacted by Cr/Au submicron electrodes from above. Utilizing two-probe, three-probe and four-probe measurement configurations, not only the intrinsic electrical transport properties of the individual nanorods but also the electronic contact resistances, R c (T ), have been determined from 300 K down to liquid-helium temperatures. Our measured resistivity behaviour of the nanorods is in close agreement with the current theoretical understanding of this rutile material. On the other hand, we found that the temperature behaviour of the electronic contact resistance obeys the law log R c ∝ T −1/2 over an extremely wide temperature range, from approximately 100 K down to liquid-helium temperatures. This latter conduction process is ascribed to the hopping of electrons through nanoscale Cr granules and/or an amorphous coating incidentally formed at the interface between the submicron Cr/Au electrode and the nanorod.
Introduction
Nanoscale materials are important for both fundamental research and industrial applications, owing to their promising potential for discoveries of new sciences and the development of novel technologies. Among the various kinds of nanostructures, self-assembled quasi-one-dimensional nanowires, nanorods and nanotubes are of particular interest. In particular, their fascinating electrical transport properties may lead to a broad range of possibilities for the next-generation nanoelectronics. For instance, prototypical nanodevices based on single carbon nanotubes, being capable of sustaining extremely high current densities, have been proposed and tested [1, 2] . To date, in addition to the extensively studied carbon nanotubes, a great deal of effort has been focused on quasi-one-dimensional semiconductors [3, 4] and their binary compounds, including ZnO [5] , GaN [6] , etc. However, temperature-dependent electrical characterizations over a wide range of temperature on individual self-assembled metallic nanowires (which have potential use as interconnects in functional nanodevices) have attracted comparatively little attention. Most works in this direction were performed at room temperature [7] and in vacuum [8] , or on arrays of nanowires that were embedded in an insulating porous template [9, 10] . Only a few exceptions like metallic silicide [11, 12] and semi-metallic Bi [13, 14] have been reported on single nanowires. This lack of studies mainly arises from the oxidation and/or contamination problem that largely hinders reliable electrical measurements on single metallic nanowires [13, 15, 16] . In this context, conducting metal oxides, such as RuO 2 and IrO 2 , which have the advantages of being chemically stable while possessing comparatively high conductivities, could provide alternative and excellent choices for the electrical transport studies and device applications [17] . Electrical transport measurements from room temperature down to liquid-helium temperatures (and in magnetic fields) will help us to understand in depth the electronic conduction mechanism in metal and semiconductor nanowires. (a) A single nanorod (thick bar) with four electronic contacts on it and the equivalent circuit model. R s denotes the resistance of the nanorod with a length L (i.e. the sample resistance). R c1 , R c2 , R c3 and R c4 denote the electronic contact resistances between the nanorod and electrodes 1, 2, 3 and 4, respectively. Four-probe (b), three-probe (c) and two-probe (d) electrical measurement configurations and the corresponding measured resistances are shown. For each configuration, L is defined to be the distance between the middle of the two voltage probes.
Iridium dioxide, IrO 2 , together with several other oxides, such as RuO 2 and OsO 2 , crystallizes in the rutile structure and belongs to the family of transition metal oxides that exhibit metallic conductivities comparable with those of the parent metals themselves [18, 19] . Owing to its high resistance to the interdiffusion of oxygen, as well as its excellent thermal and chemical stability [20] , it has been used in many diverse applications. For instance, it has been investigated for use as optical switches in electrochromic devices [21] , as thin film electrodes for dynamic random access memories [22] and as durable electrode materials for oxygen or chlorine evolution [23] . More recently, IrO 2 nanorods have been studied as high-performance and robust field emitters due to their low surface work function [24] .
The electronic structure and the Boltzmann transport properties of IrO 2 have been investigated for decades, both experimentally [18, 19, [25] [26] [27] and theoretically [28] [29] [30] . It is now accepted that the current understanding of this material is fairly complete. In particular, the electrical resistivities of IrO 2 single crystals [18, 19] and disordered thick films [31, 32] have been measured over a wide range of temperatures from 0.3 K up to 1000 K. It has also been shown that, for IrO 2 single crystals, the temperature dependence of resistivity is essentially independent of the crystal orientation [18] .
In this work, we report the electrical transport measurements from 300 K down to liquidhelium temperatures on individual, single-crystalline IrO 2 nanorods fabricated by the metal-organic chemical vapour deposition (MOCVD) method. Utilizing different electrical measurement configurations as schematically depicted in figure 1 , not only the intrinsic electrical transport properties of individual nanorods but also the temperature-dependent 'electronic contact resistances' (which inevitably formed at the interfaces between the lithographic contacting electrodes and the nanorod) have been determined. To our knowledge, this is the first quantitative electrical characterizations of this widely useful material down to the nanoscale, as well as from room temperature down to liquid-helium temperatures.
Experimental method
Self-assembled single-crystalline IrO 2 nanorods were grown onto sapphire (100) substrates via the MOCVD method, using the low-melting iridium source reagent (MeCp)Ir(COD) supplied by Strem Chemicals. Both the precursor reservoir and the transport line were controlled in the temperature range of 100-130
• C to avoid precursor condensation during the vapour-phase transport. High purity oxygen, with a flow rate of 100 sccm, was used as the carrier gas and reactive gas. During the deposition, the substrate temperature was kept at 350
• C and the chamber pressure was held at 23 ± 1 mbar to obtain the quasi-one-dimensional IrO 2 crystals. The deposition rate of nanorods with nearly triangular cross sections was estimated to be 20-25 nm min −1 . By adjusting the temperatures of the precursor reservoir and substrate, nanorods with different cross-sectional morphologies, such as triangles and squares, could be obtained [33] . For the sake of convenience for resistance measurements, nanorods with nearly triangular cross sections (figures 2(a) and (b)) were used in this work, because they have the longest lengths (∼3 μm) among all morphologies. The as-deposited nanorods were analysed using field emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), x-ray diffraction (XRD) and x-ray photoelectron spectroscopy (XPS). Figure 2(c) shows the XRD pattern of the nanorods used in this work, in which the unique (002) diffraction signal indicates the nearly-single-crystalline quality as obtained in our previous results [34] . Detailed fabrication processes and material characterizations have been described elsewhere [24, 33, 34] .
Electrical contacts onto individual nanorods were fabricated by the standard electron-beam lithographic (EBL) process. Silicon substrates capped with a ≈200 nm thick SiO 2 layer were first photolithographically patterned with Cr/Au (≈10/60 nm) 'micro-electrodes', using the bilayer photoresist process to create reverse-slope resist sidewall profiles. Several droplets of dispersed alcoholic solution containing IrO 2 nanorods were dropped onto the substrate. The positions of individual nanorods were then determined by SEM. A spincoated thick layer of PMMA (polymethyl methacrylate) on top of the substrate was exposed to an electron beam to produce submicron patterns. Following the thermal evaporation of Cr/Au films (≈10/90 nm thickness and ≈1 and 5Å s −1 deposition rates for Cr and Au, respectively), lift-off techniques were applied to generate submicron electrodes contacting an individual nanorod. Cu leads were attached to the microelectrodes with Ag paste, and the substrate was thermally anchored to the sample holder mounted with a calibrated silicon diode thermometer on a standard 4 He cryostat. The resistances were measured by using three different configuration methods. In order to investigate the intrinsic properties of individual nanorods, a standard four-probe (4-p) configuration (figure 1(b)) was applied, using a Linear Research LR-700 ac resistance bridge. On the other hand, for the determination of the magnitude and temperature behaviour of the electronic contact resistances, R c (T ), the three-probe (3-p) (figure 1(c)) and two-probe (2-p) (figure 1(d)) measurement configurations were applied complementarily, using a Keithley K-6430 source meter as a current source and a K-182 nanovoltmeter. In the latter case, the measured resistance R is the sum of the nanorod sample resistance, R s , plus the (one or two) contact resistances, i.e. R = R s + R c (with R s being determined from the 4-p method). In the cases where R R s is found, R c dominates in the whole temperature range of measurement from 300 K down to liquid-helium temperatures. It should be noted that, for all the measured R(T ) curves reported in this work, the current-voltage linearity had been checked and ensured at various temperatures (see the inset of figure 5(a)). Figure 3 shows the measured resistivity ρ as a function of temperature from 300 K down to liquid-helium temperatures for two IrO 2 nanorods with similar lateral sizes defined as ≡W 2 /4, where W is the hypotenuse as schematically depicted in figure 2(b) . From inspection of the SEM images, we obtained W ≈ 180 ± 5 nm for both samples. In figure 3 , the symbols are the experimental data and the solid curves are the theoretical predictions (see below). Clearly, both samples reveal electrical transport characteristic of a typical metal, i.e. the resistivity decreases as the temperature decreases from room temperature down. However, close inspection indicates that the resistivity ρ(300 K) ≈ 270 ± 40 μ cm in our nanorods is considerably higher than that (≈85 ± 35 μ cm) in bulk single crystals [19] . In addition, the resistivity ratio ρ(300 K)/ρ 0 ≈ 1.1-1.2 in our nanorods is considerably lower, as compared with the corresponding bulk values (≈10-1000, depending on the crystal quality) [18, 19, 25] , where ρ 0 is the residual resistivity. Such a low residual resistivity ratio suggests the presence of a high level of point defects in our nanorods. This observation is in sharp contrast to the conclusion drawn from conventional materials characterization techniques such as XRD and high-resolution TEM [34] , which often revealed a seemingly high-quality atomic structure. In fact, this is exactly one of the great advantages of electrical transport measurements; they are very sensitive to the microscopic motions of conduction electrons in the nanorods.
Results and discussion

Intrinsic electrical transport properties of IrO 2 nanorods
In spite of high resistivities, our experimental data can still be explained within the framework of the Boltzmann transport theory with a low-temperature correction (see below) not accounted for in Matthiessen's rule [35] . It is now understood that, for IrO 2 single crystals, the temperaturedependent resistivity is comprised of two terms [19, 36] . The first contribution is the usual Bloch-Grüneisen term due to the coupling of electrons with acoustic-mode phonons and is given by
where β BG is a material-dependent constant and θ D is the Debye temperature. The second term is the contribution due to the coupling of electrons with optical-mode phonons (this term is important for transition metal oxides which contain multiatom bases) and is given by where β E is a material-dependent constant and θ E is the Einstein temperature representing the sole phonon energy in the Einstein approximation.
In the presence of disorder in a metal, it has recently been experimentally demonstrated [32, 37] that, as the level of disorder increases, an additional contribution arising from the interference mechanism between the elastic electron scattering and the electron-phonon scattering should be taken into account. Such an 'electron-phonon-impurity interference' contribution has been theoretically calculated by Reizer and Sergeev [35] and is given by
where β int is a material-dependent constant. Since the level of disorder (or, equivalently, the residual resistivity ratio) in our nanorods is similar to that in the sputtered IrO 2 thick films previously studied [32] , the adequate formula to account for our experimental data is thus the sum of ρ 0 and equations (1)- (3), i.e. the measured resistivity
According to the electron-phonon-impurity interference theory [35] leading to equation (3), the prefactor β int is a constant for a given material, being independent of the amount of disorder contained in the sample. Therefore, taking the value of β int = 4.5 × 10 −7 K −2 from [32] , the measured normalized resistivity, (ρ − ρ 0 )/ρ 0 , can then be least-squares fitted to equation (4) with β BG , θ D , β E and θ E as adjusting parameters, with ρ 0 being directly determined from the measured resistivity. We find that equation (4) can well describe the resistance in the Ir-1 (Ir-2) nanorod between 80 and 300 K (25 and 300 K). The fitted values of the relevant parameters are listed in table 1. It should be noted that the fitted values of θ D and θ E are nearly identical for these two samples, which in turn are close to those values obtained in the previous measurements on this material [19, 32] . However, the ratio of our fitted values of β BG /β E ≈ 3.1 ± 0.3, which determines the relative strength of the coupling of electrons with acousticmode and optical-mode phonons, is somewhat larger than the previous result (≈2) [19, 32] . The implications of this enhanced relative importance of the acoustic-mode phonons in nanostructures deserve further investigation. The relative importance of the contribution from each term in equation (4) can be more clearly illustrated in a log-log plot as shown in figure 4 . We point out that, below a certain temperature (≈50 K (20 K) for the Ir-1 (Ir-2) nanorod), the resistivity of the nanorod reveals an upturn as the temperature decreases. The resistivity upturn in the Ir-1 nanorod is more pronounced than that in the Ir-2 nanorod. This notable resistivity rise with decreasing temperature could originate from the weak localization and electron-electron interaction effects [38] and two-level systems [39] . Such effects must be more noticeable in the Ir-1 nanorod, because it is more disordered than the Ir-2 sample. These just-mentioned disorder-induced quantum interference effects are not included in equation (4) and will not be further addressed in the following discussion.
Electronic contact resistances on IrO 2 nanorods
Both for fundamental research and for applications of nanoscale materials, probing the electrical transport properties of nanostructures requires connections of measuring instruments to individual nanodevices. Nanofabrication techniques such as the EBL and the focused ion beam deposition are often employed to this end. However, even for a metal-metal contact, it is known that fabrication of reliable electronic contacts to a nanoscale device is a nontrivial issue. This is because, very often, an imperfect contact inevitably forms, which might possess a non-negligible temperature-dependent contact resistance R c (T ) and largely complicate the experiments. Usually, the R c of a macroscopic metal-metal contact is of the order of ∼1 . As the area of electronic contact shrinks, the magnitude of R c can increase considerably. Moreover, it has been pointed out that, as the nanoscale is approached, the detailed atomic structure of the contact could affect the R c significantly in fairly different manners [40] . In practice, the lead resistances and the electronic contact resistances in electrical measurements should be small to minimize the thermal noises. In the ideal cases, our electronic contact resistances formed between the EBLpatterned submicron electrodes and the IrO 2 nanorods often fall between several tens and several hundreds , and barely depend on temperature. However, highly resistive electronic contacts with room temperature resistances of the order of several k are sometimes obtained. In this subsection, we report the temperature behaviour of the highly resistive R c (T ) for two electronic contacts measured on a representative IrO 2 nanorod (Ir-3) connected by three submicron electrodes. Table 2 . Values of the relevant parameters for the three-probe (3-p) and two-probe (2-p) electrical measurement configurations implemented on the Ir-3 nanorod contacted by three submicron Cr/Au (10/90 nm) electrodes. The Ir-3 nanorod has a hypotenuse W ≈ 115 ± 5 nm, length L ≈ 0.7 μm and sample resistance R s (300 K) ≈ 0.5 k . R ∞ and T 0 are defined in equation (5) . The sample parameters of the Ir-3 nanorod are given in the caption to table 2. As discussed above, the values of R c (T ) can be extracted from the electrical measurements by employing either the 3-p ( figure 1(c) ) or the 2-p ( figure 1(d) ) configuration. At 300 K, the resistances obtained from the 3-p and 2-p configurations for this particular nanorod are 2.4 and 5.6 k , respectively. These measured values are significantly larger than the intrinsic resistance (≈0.5 k ) of this nanorod, suggesting that the contact resistance(s) dominate the measured resistances. More precisely, the measured R 3-p and R 2-p are largely determined by the electronic contact resistances R c2 and R c3 , as designated in figure 1 . In the 3-p method, the measured resistance R = R 3-p ≈ R c3 , while in the 2-p method, the measured resistance R = R 2-p ≈ R c2 + R c3 . Figure 5 (a) shows our experimental results for R 3-p and R 2-p as a function of temperature. Inspection of figure 5 indicates that, in sharp contrast to the 4-p results discussed in figure 3 , the measured resistances now reveal semiconducting or insulating behaviour, i.e. the resistance increases rapidly with decreasing temperature. Below about 50 K, a sharp resistance rise is found. Quantitatively, as the temperature reduces from room temperature to liquid-helium temperatures, the resistance ratio R 2-p /R 4-p increases from ≈20 to ≈500, ensuring the predominance of the electronic contact resistances on the measured resistances, especially at intermediate and low temperatures. The relevant parameters measured for the 3-p and 2-p configurations are listed in table 2. A plot of log R as a function of T −1 is shown in figure 5(b) . The nonlinear dependences of the 3-p and 2-p results suggest that the simple thermally activated conduction is not the responsible mechanism for our observations. Instead, if we plot log R as a function of T −1/2 , linear dependences are clearly obeyed for a very wide range of temperatures from approximately 100 K down to liquid-helium temperatures (see figure 6 ). The difference between the two curves is simply the electronic contact resistance R c2 (T ). Such a log R ∝ T −1/2 behaviour has frequently been observed in materials like granular metals [41] and disordered semiconductors [42] . The resistance can be expressed as
where R ∞ and T 0 are material-dependent parameters and are insensitive to temperature. Our fitted values of R ∞ and T 0 are listed in table 2. In disordered semiconductors, the form of equation (5) can be given by the one-dimensional Mott [43] variable range hopping (VRH) between localized carrier states Figure 6 . log R as a function of T −1/2 . Since R 2-p ≈ R c2 + R c3 and R 3-p ≈ R c3 , the difference between the two curves is simply the electronic contact resistance R c2 . near the Fermi level, or by the Efros-Shklovskii [44] VRH if the Coulomb interaction between carriers is taken into account. In granular metals, the form of equation (5) arises from the conductivity model of Sheng and coworkers [41, 45] , in which a structural effect is considered. In our case, since the 90 nm thick Au film (which formed the top layer of the submicron electrode) and the IrO 2 nanorod are 'good' metals, it is conjectured that our measured low-temperature resistance of ∼ several tens k must be dominated by a resistance due to the nominally 10 nm thick granular Cr layer deposited between the Au film and the IrO 2 nanorod (see a depiction in figure 7 ). It could also be due to an amorphous coating and irregular surface structure of the as-grown IrO 2 nanorod (see figure 8) . Such a granular Cr layer might have accidentally formed as a result of the breaking induced by tensile stress, the vacancies caused by dramatic surface roughness near the contact region, or just simply the lightly contaminated or oxidized metal grains during evaporation.
To check this speculation about a granular structure, we have made several samples comprising a Cr layer with a nominal thickness of 10 nm on mica substrates, applying deposition conditions similar to those used for the submicron electrode fabrication. The surface profiles of the Cr layer were then analysed by atomic force microscopy (AFM). A granular pattern with a distribution of disc-shaped grains having a radius of ∼ several tens nm and a height of ≈2-6 nm has indeed been found in several cases (see figure 9 ), supporting the aforementioned conjecture. In fact, we notice that it is well known that thermal-evaporation-deposited thin Cr films can readily form an island-like granular structure rather than a continuous layer [46] .
Apparently, the one-dimensional Mott [43] VRH process is inappropriate for explaining our data, considering the geometrical structure around the contact region of our samples, i.e. the size of our thin Cr layer in the transverse directions of electrical transport is more than an order of magnitude larger than that in the longitudinal direction. Although the Efros-Shklovskii [44] VRH theory has often been used to fit the resistivity data in studies of granular metals, where a log R ∝ T −1/2 behaviour was observed, it has been shown [47, 48] that serious inconsistencies existed in applying this transport model to those systems, because unrealistic values of the relevant parameters had to be inferred. For instance, an optimum hop distance was found to be too short to allow the electrons to tunnel beyond neighbouring metal grains. Besides, a tunnelling barrier was found to be smaller than k B T (where k B is the Boltzmann constant), and thus made the comparison implausible. Therefore, we believe that the adequate mechanism to describe our data is the conductivity model proposed by Sheng and coworkers [41, 45] , i.e. conduction electrons are thermally activated and hop through the Cr nanogranules sandwiched between the thick Au layer and the IrO 2 nanorod.
In Sheng's model [41, 45] , it is proposed that, for a granular metal-dielectric composite sample with a uniform relative volume fraction of metal and dielectric, the ratio s/d should have the same value everywhere throughout the sample, where s is the separation of neighbouring metal grains and d is the diameter of the metal grains. Since the electrostatic charging energy E c ∼ 1/d (which is required to create a positive-negative charged pair of grains), it follows that s E c is a constant everywhere in the sample and can be written as
where T 0 is the characteristic temperature parameter in equation (5), χ = (2mφ/h 2 ) 1/2 , m is the effective electron mass, φ is the effective barrier height andh is Planck's constant divided by 2π . With a second assumption that only hopping between nearest-neighbour grains which are equal or nearly equal in size is included, the model found that, at each temperature T , the maximum conductivity occurs at a dominant separation of neighbouring metal grains, s m , given by s m = 1 4χ
From equations (6) and (7), it follows that, at high (low) temperatures, the conductivity is governed by the hopping events between small (large) grains separated by a short (long) distance. From our fitted value of T 0 ≈ 110 K, and assuming a free electron mass and a barrier height φ ≈ 0.1 eV, we obtain E c ≈ 16 (3) meV and s m ≈ 1 (5)Å at T = 300 (10) K. (Notice that a value of φ ≈ 0.1 eV corresponds to a small barrier height which is about an order of magnitude larger than the thermal energy k B T , and is just probable for tunnelling to occur.) These values are quite close to those values obtained in previous works on granular metallic systems [41] and suggest that our thin Cr layers lie in the dielectric regime approaching the threshold for classical percolation conductivity. The smallness of the values of s m results from a high volume fraction of metal (Cr), which in turn renders a low value of the effective tunnelling barrier due to considerable image forces [41, 45] .
Conclusion
We have measured the temperature-dependent resistivities of metallic IrO 2 single-crystalline nanorods prepared by the MOCVD method. This rutile material carries the advantages of being chemically stable and highly electrically conductive as well as having potential use as interconnects in functional nanodevices. We found that the electrical transport properties of the individual nanorods can be well described by the current theoretical understanding of this rutile material. In addition, for electronic contact resistances, a temperature behaviour obeying the law log R ∝ T −1/2 is observed over a very wide range of temperatures below approximately 100 K. This temperature behaviour is satisfactorily ascribed to the hopping of electrons through Cr nanogranules and/or an amorphous coating incidentally formed at the interface between the Cr/Au submicron electrode and the nanorod. This work demonstrates that, by properly applying a combination of complementary electrical measurement configurations, both the intrinsic resistivity of a nanorod and the electronic contact resistances on a nanorod can be quantitatively studied.
